Human behavior is comprised of an interaction between intentionally driven actions and reactions to changes in the environment. Existing data are equivocal concerning the question of whether these two action systems are independent, involve different brain regions, or overlap. To address this question we investigated whether the degree to which the voluntary action system is activated at the time of stimulus onset predicts reaction times to external stimuli. We recorded event-related potentials while participants prepared and executed left-or right-hand voluntary actions, which were occasionally interrupted by a stimulus requiring either a left-or right-hand response. In trials where participants successfully performed the stimulus-driven response, increased voluntary motor preparation was associated with faster responses on congruent trials (where participants were preparing a voluntary action with the same hand that was then required by the target stimulus), and slower responses on incongruent trials. This suggests that early hand-specific activity in medial frontal cortex for voluntary action trials can be used by the stimulus-driven system to speed responding. This finding questions the clear distinction between voluntary and stimulus-driven action systems.
Introduction
Human behavior is often classified into two classes of actions, reactions to external events and voluntary actions (Haggard, 2008; Passingham et al., 2010) , thought to be controlled by different brain systems (Krieghoff et al., 2011) . Studies using both event-related potentials (ERPs) (e.g., Waszak et al., 2005) and functional imaging (Deiber et al., 1999; Jenkins et al., 2000) suggest that while voluntary actions involve the fronto-median cortex, stimulus-driven actions are controlled via parietal and premotor cortices (Haggard, 2008) . However, monkey studies show that supplementary motor area (SMA) neurons discharge to both self-initiated and externally cued movements, indicating that this region is involved in both types of action (Romo and Schultz, 1987; Kurata and Wise, 1988) .
Importantly, imaging techniques and single-cell recordings alone may be insufficient to determine the relationship between voluntary and stimulus-driven motor preparation. A given area may be composed of different subparts, each being involved in one type of action. Alternatively, an area, or even a particular cell, might be involved in both action types but fulfill different functions. Moreover, the increased complexity associated with voluntary actions confounds any observed differences (Nachev et al., 2008) .
We believe that the only way to truly determine the relationship between voluntary and stimulus-driven actions is to test whether activity in one system is transferable to the other. We did so by investigating the performance of the stimulus-driven action system [measured by reaction times (RTs)] as a function of the state of the voluntary action system [measured by readiness potential (RP) amplitude]. Participants prepared left-or right-hand voluntary actions that could be interrupted by a stimulus requiring either a left-or right-hand response, making the response either congruent or incongruent with concurrent voluntary action preparation. We tested whether the amplitude of the RP at stimulus onset predicted participants' response time to the stimulus. As discussed below, a similar behavioral task has previously been used by Obhi et al. (2009a,b) .
We tested our results against four hypotheses. First, no association between prestimulus activity and RTs would suggest independence of the two systems. Second, previous behavioral studies (e.g., Obhi and Haggard, 2004) show that stimulus-driven responding is slowed during concurrent voluntary action preparation, suggesting that not only are the two systems independent but that inhibitory mechanisms may exist between them. This conclusion is consistent with observations from patients with utilization behavior (e.g., Boccardi et al., 2002) who show an inability to refrain from stimulus-driven actions following SMA lesions. According to this account, larger prestimulus RPs would be associated with slower stimulus-driven responses for both congruent and incongruent trials. Alternatively, any prestimulus negativity might reflect general anticipatory processes as indexed by the contingent negative variation (Walter et al., 1964) , leading to smaller RTs for congruent and incongruent trials. Finally, the voluntary and stimulus-driven systems might overlap to such a degree that the preparation of the voluntary action is transferable to stimulus-driven preparation. If so, RTs should be faster when voluntary action preparation is more advanced for congruent trials only, with the opposite pattern for incongruent trials.
Materials and Methods
Participants. Data were collected from 28 paid volunteers. All participants were right handed, had normal or corrected-to-normal vision, and had no history of epilepsy. Individuals who were taking psychoactive drugs were excluded from participating. Six participants were excluded from the analysis, as they were unable to perform the task correctly. These participants always rated that their planned voluntary action was consistent with the direction required by the imperative stimulus (see below for details of this rating). Given that these stimuli were not predictable, this likely reflects a response bias to simply press the same button for the response and for the question regarding their voluntary action. Four additional participants were excluded from the analysis described below because of technical problems with the EEG recording, leaving 10 female and 8 male participants, with a mean age of 25 years and 1 month (range, 21-31 years). All participants signed an informed consent before the experimental session and were free to withdraw at any point.
Experimental procedure. The experiment began with a practice phase where participants were introduced to the task in stages. The first practice task was constructed of 80 trials where either a blue or a red square was presented in the center of the screen on each trial (40 of each, randomly ordered). Participants were required to make a speeded response to the squares with a right or left key press, with the stimulus-response mapping counterbalanced across participants. This task also served as a baseline to record participants mean response times to the target stimuli. In the second practice task, participants were required to perform voluntary key presses around 1.5 s after the start of each trial, as defined by a 200 ms enlargement of the fixation cross. Participants were instructed that they could respond with either the left hand (L) or the right hand (R) and that they should not act in a systematic manner (e.g., L-R-L-R). Instead they were informed to decide on each trial which button they wanted to press. They were also informed that they should respond with each hand approximately equally. Participants received auditory feedback with regard to the timing of their voluntary actions. One tone signified that they had responded too quickly (under 1200 ms) and a second tone signified slow responses (over 2000 ms). This training consisted of 80 trials.
The final task in the practice phase was the experimental task (see Fig.  1 ). This involved combining the two previous tasks, such that participants were required to make voluntary key presses around 1.5 s after trial onset (voluntary action trials; Fig. 1 A) . However, on some trials a blue or red square would appear that would then require them to make the appropriate stimulus-driven response (target trials; Fig. 1 B) . Each block consisted of 84 trials, of which 54 were voluntary action trials (Fig. 1 A) and 30 were trials where a target stimulus appeared, henceforth referred to as target trials (Fig. 1 B) . Target trials were randomly ordered with the exceptions that they did not occur in the first four trials of each block and that there were never more than two consecutive target trials. This random ordering of target trials ensured that up to the point of target presentation participants would not know that a stimulus would appear, and therefore voluntary action preparation at the point of stimulus presentation should be similar to the period before a voluntary action. The timing of the target stimulus was determined relative to the onset of the action for voluntary action trials, such that it appeared 350 ms before the mean onset of the action for the last 20 voluntary action trials. This time interval was chosen so that participants should already have begun preparing a voluntary action on these trials, but they should not be in the very late stages of action preparation. However, given that the voluntary action time would also vary from trial to trial, we would likely have trials where action preparation was more advanced and trials where action preparation was less advanced. Indeed on some trials, participants made their voluntary actions before the onset of the target stimulus. On these trials the target stimulus was no longer presented. This occurred on an average of 6.6% of all trials where a target stimulus would have been presented, resulting in a mean of fewer than two cancelled target trials per block. This natural variability should allow us to investigate the association between prestimulus voluntary action preparation and stimulusdriven responding. In addition, the use of a moving average to calculate the onset of the target stimulus should discourage participants from waiting to see whether the stimulus would appear before programming their action, since as their voluntary action times became slower, the target stimulus would begin to appear later.
Following the response to the target, a white fixation (correct response) or red fixation (incorrect response) acted as feedback to the participants. Following this feedback, participants were required to rate their voluntary action preparation by answering the following question: "Before the square appeared, which button were you planning to press?" They responded with one of four buttons on the response pad with the following options (from left to right): certain left, maybe left, maybe right, and certain right. The certain options were to be used when participants had confidence in their judgment, while the middle two categories were to be used if they were not completely sure which button they had been planning to press. Following the practice phase, participants were fitted with the EEG recording caps. Next they completed a short block of the stimulusresponse training (20 trials), followed by one block of the voluntary actions (80 trials), to reestablish their response rate. Following these practice tasks they completed 16 blocks of the experimental task. Participants continued to receive feedback during the experimental task with respect to both the accuracy of the target response (visual feedback) and their voluntary action times (auditory feedback). In addition, at the end EEG recording and data preprocessing. EEG data were recorded from 63 scalp locations using an EGI system (Electrical Geodesic Inc.). The EEG was digitized at 500 Hz with a 0.01-200 Hz bandpass filter referenced to the vertex. EEG analysis was conducted using EEGLAB (Delorme and Makeig, 2004) and custom-built Matlab scripts. The data were resampled offline to a 250 Hz sample rate, with a notch filter from 45 to 55 Hz to remove line noise. Epochs were generated from Ϫ3000 to 1000 ms relative to stimulus onset, with a 100 ms prestimulus baseline correction for target trials and a 100 ms pre-action baseline correction for voluntary action trials. Initial artifact rejection was conducted in a semiautomatic manner (in EEGLAB) by rejecting epochs with activity above 100 or below Ϫ100 v, as well as rejecting trials where activity at any time point for any electrode was more that 5 standard deviations from the mean activity for that epoch. Any channels that contributed to the rejection of many epochs were considered for removal and later interpolation. Frontal channels that showed large amplitude blink activity were also excluded from this first pass of semiautomatic artifact rejection. Ocular artifact correction was conducted in EEGLAB in Matlab using independent component analysis (Delorme and Makeig, 2004) . Following removal of eye blinks and eye movements, noisy channels were replaced by an interpolated weighted average from surrounding electrodes. Data were then re-referenced to the common average. A final round of semiautomatic artifact rejection with a threshold of Ϯ 80 v was used to remove any remaining artifacts.
To assess prestimulus motor activity, we re-baselined our ERPs to the 100 ms period before the onset of the trial (the large fixation cross). RP was measured at electrode Cz (electrode 63 on EGI sensor net), with LRP calculated in line with Coles (1989) using electrodes FC3 (electrode 17) and FC4 (electrode 54). Analysis on the association between prestimulus RP/LRP amplitude and RT were calculated by taking the average amplitude in a 100 ms time window before target onset. Since LRP is normally calculated by taking the average of left-and right-hand responses, we used a single subtraction for each trial to measure prestimulus motor lateralization by calculating the activity over the hemisphere contralateral to the response hand minus ipsilateral to the response hand. We used these values to calculate a median split of the RP/LRP amplitude and extracted mean RTs for the trials either side of the median RP/LRP. All ERPs are presented with a low-pass filter of 20 Hz for visual presentation purposes.
Results

Behavioral results
Voluntary action trials
Mean average voluntary action time was 1529 ms, with a mean standard deviation of 300 ms. Participants made on average 83% of their responses within the required time window, with 10.4% of their responses occurring faster than 1200 ms, and the remaining 6.3% occurring later than 2000 ms. This suggests that participants were generally able to time their voluntary actions to occur within the required time period but that there was also some trial-to-trial variation in the time of their action. This variation is important to ensure that the target stimulus could appear at varying levels of voluntary action preparation.
Ratings of voluntary action for target trials
This analysis focuses on how participants responded to the question regarding their prepared voluntary action on target trials. Following their response to the target, participants were asked to rate, using a four-point scale (certain left, maybe left, maybe right, certain right), which action they had been preparing before the onset of the stimulus. Participants were significantly more likely to rate that they were sure of their response (82.3% of trials) than they were to say that they had maybe prepared left or right (17.7% of trials; t (17) ϭ 5.83; p Ͻ 0.001). Participants appeared somewhat more inclined to say that the target stimulus required the same hand response that they were already preparing (43.4% of trials) rather than the opposite hand (39% of trials). However this difference was not significant (t (17) ϭ 1.75; p ϭ 0.1). This suggests that participants were able to rate their voluntary action preparation, and on the majority of trials they felt confident about this judgment. Given the small number of responses in the middle conditions (maybe left and maybe right), subsequent analyses were conducted collapsing across the maybe and certain conditions for responses that were congruent with the prepared voluntary action (i.e., those trials where participants reported preparing the same hand action as that required by the target stimulus) and those that were incongruent. These will henceforth be referred to as congruent and incongruent trials. Where possible, behavioral responses from the middle two categories were also analyzed using a subset of participants (N ϭ 9) who had at least 10 responses in each of these middle categories. Analysis of ERPs was confined to congruent and incongruent trials (i.e., collapsed across certain and maybe voluntary action ratings), since only three participants had sufficient responses in the middle two categories (Ͼ20) to produce reliable ERPS.
Responses on target trials
We first plotted the RT distributions for each participant to investigate the possibility that some responses after the onset of the target stimulus represented the execution of the voluntary action rather than a response to the stimulus. Figure 2 shows the RT distributions for all trials (correct and incorrect) averaged across all participants for congruent and incongruent trials. The vast majority of participants showed a strong bimodal distribution probably reflecting the separation of target responses (with slower RTs) and the execution of the planned voluntary action (fast RTs). This bimodality is clearly reflected in the average RT histograms in Figure 2 , A and B. The vertical line represents the mean RT cutoff, which we used to separate these distributions for each participant. The mean cutoff was 210 ms for congruent trials and 294 ms for incongruent trials. Analysis of accuracy for these groups of trials revealed a significant interaction between distribution (fast vs slow RTs) and congruency (F (1,17) ϭ 956, p Ͻ 0.001). Accuracy for trials above the cutoff was significantly greater for congruent trials (mean accuracy ϭ 0.97) as compared to incongruent trials (mean accuracy ϭ 0.94; t (17) ϭ 2.9, p Ͻ 0.05). However, this difference was much more pronounced for the fast RT trials (mean accuracy congruent ϭ 0.87; mean accuracy incongruent ϭ 0.0062; t (17) ϭ 46.2, p Ͻ 0.001). This finding is consistent with the suggestion that trials below the cutoff were predominantly those where participants performed their voluntary action rather than responding to the target stimulus, since when their voluntary actions were congruent with the target stimulus, the response would be classed as correct. For example, if participants were preparing a left-hand voluntary action when a stimulus appeared requiring a left-hand response (a congruent trial), execution of the voluntary action (a left-hand button press) would result in a button press classed as correct with respect to the target. In contrast those voluntary actions that were executed on incongruent trials would always lead to an incorrect response, as highlighted by the fact that almost none of the fast responses to incongruent trials were correct. In subsequent analysis we divided the data on target trials into "voluntary actions on target trials," which are below the RT cutoff, and genuine "target responses," which are above the RT cutoff. As described above, this distinction is justified by the significantly reduced accuracy for the fast responses on incongruent trials.
This clear separation between the RT distributions for executed voluntary actions on target trials and target responses points to the possibility that participants first check their voluntary action preparation and then evaluate the stimulus before continuing to perform a stimulus-driven action. A number of previous studies (Obhi and Haggard, 2004; Astor-Jack and Haggard, 2005; Obhi et al., 2009a Obhi et al., , 2009b have shown that RTs in blocks with concurrent voluntary actions were significantly longer than responses to the same stimuli in blocks where voluntary actions were not being prepared. Indeed, in the current experiment RTs in the practice block where participants were only required to respond to the colored squares were significantly faster (mean RT ϭ 350.4 ms) than RTs for congruent trials in the experimental blocks (mean RT ϭ 474.2 ms) where participants were also required to perform voluntary actions (t (17) ϭ 6.3, p Ͻ 0.001). This was the case even including those very fast responses (mean RT ϭ 410.5 ms), which were in fact likely not truly stimulus driven (t (17) ϭ 3.9, p Ͻ 0.01). These findings are therefore consistent with previous studies that suggest that preparation of voluntary actions impedes speeded responding to an external stimulus. However, despite an overall cost in RT observed when switching from a voluntary action to a stimulus-driven action, this does not rule out the possibility that voluntary action preparation can be facilitate stimulus-driven responding (as highlighted in the analysis below). We will return to the possible mechanisms of the overall RT cost in the general discussion section.
Our subsequent analysis investigated whether the degree to which participants had prepared their voluntary action influences the amount of interference in target responding. As outlined in the introduction, this was to assess whether activation of the voluntary action system could be used to improve performance of the stimulus-driven system. We first investigated this behaviorally by using RTs dependent on participants' ratings of their voluntary action preparation. This analysis was conducted using only those trials above the RT cutoff, as these exclude the trials where participants actually performed their voluntary action. A similar filtering of responses was conducted in previous studies (Astor-Jack and Haggard, 2005; Obhi and Haggard, 2004; Obhi et al., 2009a Obhi et al., , 2009b where all trials with RTs under 100 ms were removed. The higher RT cutoff in our study reflects the fact that participants were performing a choice RT task rather than a simple RT task.
Analysis of mean correct RTs revealed that responses were significantly faster for congruent trials (476.5 ms) as compared to incongruent trials (559.9 ms; (t (17) ϭ 6.67, p Ͻ 0.001). We also found that in the subset of participants who used the middle two classifications of their voluntary action, RTs were significantly faster for the completely congruent trials (457.3 ms) compared to the partially congruent trials (540.5 ms; t (7) ϭ 7.3, p Ͻ 0.001). For incongruent trials, this comparison (595.8 ms for partially incongruent vs 637.7 ms for incongruent) was not significant (t (7) ϭ 1.77, p Ͼ 0.1). The direction of these results points to the possibility that more advanced preparation of a voluntary action may aid responding to an external stimulus that is congruent with the intended action, providing initial evidence of a possible transfer of voluntary action preparation to stimulus-driven actions.
Overall, the pattern of behavioral results suggests that participants were generally able to respond correctly to the target stimulus despite having already prepared a voluntary action, which on many occasions was with the opposite hand to that required by the stimulus. By separating the RT distributions based on their bimodality, we were able to isolate those trials where participants genuinely responded to the target stimulus. The congruency of participants' voluntary action preparation with the response required by the target stimulus strongly influenced both their accuracy and their response time to the target stimulus, such that they were faster to respond and more accurate on congruent trials. In addition, participants' own ratings of their awareness of the laterality of their intended response suggests that more advanced voluntary action preparation can in fact aid speeded responding.
ERP results
Motor preparation
To investigate the relationship between voluntary action preparation and responses to the target stimulus, our ERP analysis primarily focused on the RP and LRP before the onset of the stimulus and how these affect RTs to target stimulus. Before discussing this analysis, we present, in Figure 3 , the RP (Fig. 3A) and LRP (Fig. 3B) for voluntary actions on voluntary action trials. RP appeared to onset around 1 s before action onset. One-sample t tests revealed that RP amplitude began to differ from 0 at Ϫ964 ms. LRP amplitude began to significantly differ from 0 at Ϫ580 ms. These onset times are comparable to other studies where RP onsets from 1 to 2 s before action (Libet et al., 1983; Haggard and Eimer, 1999) and LRP onsets around 700 ms before action (Haggard and Eimer, 1999) . Figure 3C shows the RP prior stimulus onset for target trials. RPs are plotted separately for trials where participants performed their planned voluntary action despite the presence of the target stimulus-as identified by the individual participant RT distribution-and for trials where participants genuinely responded to the target stimulus itself. For the voluntary actions on target trials, we included both "correct" and "incorrect" responses to highlight voluntary action preparation, since here participants did not respond to the stimulus but followed their voluntary preparation. For genuine target responses, we only included correct responses to assess the level of voluntary action preparation that could be successfully overridden by the requirement to respond to the stimulus. The RP (averaged across all conditions) was different to 0 from 664 ms before target onset. Since RP onset in the voluntary action condition was around 1000 ms before stimulus onset, the onset of this RP is consistent with the fact that the stimulus appeared, on average, 350 ms before the point at which participants were planning to perform their action. ANOVA in the 500 ms before stimulus onset revealed no significant effect of action type (voluntary actions vs genuine target responses, F Ͻ1) or congruency (F Ͻ1) and no significant interaction (F Ͻ 1). This suggests that the size of the readiness potential at stimulus onset did not influence whether participants aborted their voluntary action and reprogrammed the stimulus-driven response, nor did it influence the rating of their voluntary action preparation. Figure 3D shows the LRP before target onset for congruent and incongruent trials separately for both genuine target responses as well as for trials where participants executed their voluntary actions. ANOVA in the 300 ms before stimulus onset revealed a significant main effect of congruency (F (1,17) ϭ 18.8, p Ͻ 0.001) as well as a significant congruency by action type (voluntary action execution versus genuine target responses) interaction (F (1,17) ϭ 10.8, p Ͻ 0.01). This interaction was driven by the presence of a significant effect of congruency for trials where participants performed their voluntary actions (t (17) ϭ 4.5, p Ͻ 0.001), but not for genuine target responses (t (17) ϭ 1.1). This shows that for those trials where participants' hand-specific action preparation had reached an advanced stage, they were no longer able to overcome their voluntary action to perform the stimulus-driven response. This finding further validates the division of trials based on their bimodality and also shows that participants were genuinely preparing voluntary actions to be executed around the time that the stimulus appeared. It is also important to note that the action occurred several hundred milliseconds earlier for the voluntary actions on target trials than for the target responses themselves. As such, this closer proximity to the action onset is reflected in greater LRPs for these trials. The scalp maps, separated for leftand right-hand responses (Fig. 3E-J ) , show a strong central topography for the target responses (Fig. 3G,J ) , highlighting the lack of significant lateralized motor activity for these trials. In contrast, both the voluntary actions on voluntary action trials (Fig. 3 E, H ) and the voluntary actions on target trials (Fig. 3 F, I ) show a central and contralateral negativity. This lateralization is predominantly made up of a contralateral negativity, with little or no ipsilateral inhibition (positivity) as is often observed with choice LRPs for stimulus-driven tasks (Meynier et al., 2009 ). This could reflect a difference in the balance between contralateral activation and ipsilateral inhibition between voluntary and stimulus driven actions, or it might reflect a task-specific strategy to maintain the possibility to switch action at the last moment if required.
The presence of an LRP difference between voluntary actions on target trials and target responses despite no difference in the same comparison for the RP is perhaps somewhat counterintui- tive, because if RP amplitude reflects motor preparation, how can the LRP be more advanced while RP suggests that motor preparation appears to be at the same stage? One possible explanation is that in some trials participants specified the response hand only at a very late stage of motor processing, while in other trials they specified this early in the trial. LRP differences have been previously reported in the absence of RP modulation before voluntary actions (Hughes and Waszak, 2011) , suggesting that increased motor lateralization can occur in the absence of increased generalized motor preparation.
The absence of a significant LRP for the target responses also suggests that little or no M1 activation was present for those trials where participants made the stimulus-driven response. Despite the absence of any laterality, participants were able to rate the direction of their prepared voluntary response in a meaningful way (such that it has an effect of RTs and accuracy), suggesting that some information about the laterality of their response was present but perhaps had not yet been translated into an action command in primary motor cortex.
Target responding dependent on motor readiness
Our final analysis investigated the relationship between activation of the motor system at the time of stimulus onset and participants' response to the target stimulus. Our previous analysis of motor potentials showed that LRP and not RP amplitude at stimulus onset was associated with the ability of participants to successfully overcome their voluntary action. In this analysis we focus only on these genuine target responses to determine whether LRP or RP amplitude is associated with accuracy or reaction times to the target stimulus. Figure 4 shows the RT dependent on LRP and RP amplitude. ANOVA for RTs showed a significant three-way interaction between measure (RP/LRP), activation (large/small), and congruency, F (1,17) ϭ 6.12, p Ͻ 0.05. This three-way interaction was driven by a significant interaction between activation and congruency for RP (F (1,17) ϭ 31.2, p Ͻ 0.001), but not for LRP (F (1,17) ϭ 1.28) . For congruent trials a larger RP was associated with smaller RTs (t (17) ϭ 2.51, p Ͻ 0.05), while for incongruent trials larger RP was associated with slower responses (t (17) ϭ 2.21, p Ͻ 0.05).
This finding suggests that increased readiness to make a voluntary action, as reflected in RP, speeds reaction time when the stimulus-driven responses is congruent and slows reaction time when an incongruent response is required. The corresponding analysis for accuracy revealed only a significant main effect of congruency (F (1,17) ϭ 31.9, p Ͻ 0.001), but no bin by congruency interaction (F (1,17) ϭ 2.7) and no three-way interaction (F (1,17) ϭ 1.2). The absence of any effects for the LRP amplitude again highlights that the trials where participants successfully responded to the target were not associated with significant motor lateralization.
Since this final analysis was only conducted on a subset of trials that were determined to have been genuine responses to the stimuli, it is important to rule out the possibility that this filtering did not unduly influence this association between prestimulus motor potentials and reaction times. Therefore, we repeated this analysis using a fixed reaction time cutoff of 100 ms for both congruent and incongruent responses rather than the individually determined cutoffs used in the previous analysis. The results of this analysis showed a very similar pattern, namely significantly faster responses associated with greater RP for congruent trials (t (17) ϭ 2.51, p Ͻ 0.05), with the opposite association observed for incongruent trials (t (17) ϭ 2.22, p Ͻ 0.05). Indeed, the observation in the previous analysis that RP amplitude was independent of the ability of participants to inhibit their voluntary action strongly suggests that this important association between RP amplitude and target RT should be stable regardless of the RT cutoff employed. Similarly, this also likely rules out the possibility that the association between RP and RT on congruent trials could be caused by some voluntary action trials being misclassified as target responses, since these trials would be among the fastest responses but would not have a significantly larger RP amplitude.
Discussion
The present study investigated the relationship between voluntary and stimulus-driven action control. Our aim was to provide further evidence regarding how these two systems interact and to assess whether central aspects of them might overlap in the brain. To do so, we presented two alternative forced choice stimuli during participants' preparation of a voluntary action with the leftor right-hand. As a consequence, the external stimulus coded for one of two responses that could be either congruent or incongruent with participants' voluntary action preparation. By assessing both RTs to the forced choice stimulus as well as indices of voluntary motor preparation before stimulus presentation, we were able to analyze stimulus-driven behavior as a function of voluntary motor preparation.
In reference to the four possible hypotheses outlined in the introduction, our results are consistent with a central overlap between voluntary and stimulus-driven action preparation. We found that on those trials where participants were able to abort their voluntary action to make the stimulus-driven response, RP amplitude at the time of stimulus onset predicted how quickly participants would respond to the stimulus. More precisely, for congruent trials increased voluntary action preparation was associated with faster stimulus-driven responses, whereas for incongruent trials large RPs led to slower responses. Since the RP is normally thought of as a marker of the engagement of voluntary action mechanisms (Praamstra et al., 1996; Waszak et al., 2005; Haggard, 2008) , this suggests that aspects of voluntary and stimulus-driven action preparation overlap in medial frontal cortex.
Our results are inconsistent with the possibility that activation of the intentional action system interferes with stimulus-driven system responding (Astor-Jack and Haggard, 2005) , since this would predict a slowing of RTs for increased voluntary action preparation even for congruent trials. Furthermore, this hypothesis should predict that advanced voluntary action preparation should result in reduced accuracy of the stimulus-driven system, whereas we observed no association between prestimulus RP and response accuracy. Note that, over and above the dependency of stimulus-driven RTs on prestimulus RPs described above, we found that responding of participants to external stimuli was impeded by the concurrent preparation of voluntary actions, as shown by increased RTs compared to the choice RT task without concurrent voluntary action preparation. This replicates previous findings that have been interpreted in terms of interference (Obhi and Haggard, 2004; Astor-Jack and Haggard, 2005) . However, our data suggest that the comparison of reaction times in blocks containing voluntary actions and those with no voluntary actions may not be indicative of interference between voluntary and stimulus-driven behavior. Rather, this may simply reflect differences in attentional demands between the two tasks, such that participants are able to more efficiently allocate their attention to the need to make a stimulus-driven response when they are not concurrently preparing a voluntary action. Moreover, the negative association between prestimulus negativities and RT for incongruent trials also strongly argues against a contingent negative variation explanation for our data. Rather, we suggest that voluntary action preparation as measured by the RP is partially transferable to stimulus-driven action preparation.
Our findings are consistent with recent experiments conducted by Obhi and colleagues who showed that switching from one voluntary action to a different stimulus-driven action (Obhi et al., 2009a) , or to an action with a different effector or a different hand (Obhi et al., 2009b) , results in a greater RT cost than switching to the same action. The additional use of EEG in the present experiment allowed us to significantly extend these previous findings by investigating the relationship between the degree of congruent and incongruent voluntary action preparation and the speed of stimulus driven responding. This is important because our behavioral result alone is not sufficient to conclude that voluntary action preparation can be transferred to stimulus-driven reactions, since the slower RT for incongruent trials may reflect the additional conflict involved in switching not only between different action types (voluntary and stimulus driven) but also between different effectors (left-or right-hand actions). Similarly, the increased RT for more advanced incongruent voluntary action preparation might also reflect a greater degree of betweenhand conflict. However, the reduced RT for congruent trials when voluntary action preparation was more advanced strongly suggests that stimulus-driven action selection can be facilitated by voluntary action preparation. This latter result is also consistent with the observation of Obhi et al. (2009b) that if a stimulus appeared in the period immediately before the onset of the planned voluntary action, then the RT cost is significantly reduced. The present study further validates this finding by directly measuring voluntary action preparation and extends it by showing an interaction between the degree of congruent and incongruent voluntary action preparation and the speed of stimulus-driven responding.
Two more aspects of our results deserve further discussion. First, analysis of prestimulus motor components on target trials revealed significant motor lateralization only in trials where participants were unable to overcome their voluntary action to perform the stimulus-driven response. This suggests that when voluntary motor preparation has reached this final stage (i.e., lateralized preparation), it is too late to interrupt its execution. The amplitude of the LRP at the point at which a stop signal is presented has previously been shown to influence participants' ability to inhibit their response to a go signal (Band and van Boxtel, 1999; van Boxtel et al. 2001) . However, in the stop signal paradigm participants are typically able to inhibit their response upon presentation of the stop signal despite the presence of a significant (albeit smaller) LRP. The lack of significant LRP on successful target responses in the current experiment may point toward the possibility that lateralized motor activity resulting from voluntary action preparation is more difficult to inhibit than the same level of activity resulting from stimulus-driven response preparation. The apparent absence of ipsilateral inhibition in our lateralized motor potentials, previously observed in choice reaction tasks (e.g., Vidal et al. 2003; Praamstra and Seiss, 2005; Meynier et al., 2009) , further suggests that despite using similar brain systems, voluntary and stimulus-driven actions may differ in terms of the precise interaction of different processes at varying stages of action preparation. Obhi et al. (2009b) propose that voluntary action preparation might reflect a balance between general inhibitory processes and a release of inhibition for the planned action. This suggestion is difficult to fully assess in the present study, since activation of different parts of medial frontal cortex reflecting both preparatory and inhibitory processes may contribute toward the activity we measured over central electrodes. Future research should attempt to further explore the role of inhibitory processes in the interaction between voluntary and stimulus-driven actions in more detail to build a better understanding of the precise processes involved in preparing an action based on an internal representation (such as a goal) and on an external stimulus.
Second, it was important for our experiment to be able to determine which voluntary action participants had been preparing before stimulus onset. We achieved this by asking participants, at the end of the trial, to rate their voluntary action preparation. Aside from a small number of participants (who were excluded from further analysis) who were unable to reliably classify their action preparation, the majority of participants appeared to be able to meaningfully rate their voluntary response. Validation of their ratings comes from the significant LRPs for those fast reactions that were deemed to be the continued execution of their voluntary action. The observation that the trials classed as incongruent were responded to more slowly and less accurately suggests that these subjective ratings were also accurate in trials where participants made genuine stimulus-driven responses. The preserved ability to introspect on hand-specific action preparation despite the absence of an LRP for these trials is perhaps somewhat surprising given previous research strongly associating LRP with the conscious intention (Haggard and Eimer, 1999) but is in line with other research associating RP amplitude with the conscious experience of intention (Libet et al., 1983; Lau et al., 2004) . In addition, Fried et al. (1991) showed that direct stimulation of neurons in SMA induces limb-specific intention to perform actions, which at a higher voltage results in a movement in the same limb. This somatotopic organization of SMA is consistent with our observation that RP activation is sufficient for allowing participants to introspect on a limb-specific intention.
Conclusions
Our data provide evidence that the degree of congruent or incongruent voluntary action preparation at the onset of a target stimulus differentially predicts participants' RT to the upcoming stimulus. This shows that the stimulus-driven system can profit from congruent activation in the voluntary action system, suggesting that the two systems share common central preparatory mechanisms.
